Background/Aims: Dry weight estimation in hemodialysis patients is still a substantial problem. Despite meticulous clinical assessment, fluid overload is common, leading to hypertension and left ventricular hypertrophy (LVH). Segmental calf bioimpedance spectroscopy (cBIS) is a novel tool for dry weight assessment. Here we tested the hypothesis, that its clinical routine use reduces arterial hypertension and left ventricular mass. Methods: Left ventricular mass (determined by magnetic resonance imaging), blood pressure and antihypertensive medication (defined daily doses, ddd) were assessed at baseline (BL). Thereafter post-dialytic target weight was reduced until cBIS-defined dry weight was reached (DW). During a 6-month follow up, DW was re-evaluated monthly by cBIS and end-dialytic weight was adjusted correspondingly. At the end, left ventricular mass, blood pressure and antihypertensive medication were determined a 3 rd time (follow-up, FU). Results: Eleven out of 15 patients were available for analysis after 6 months. Left ventricular mass showed a declining trend during the study period (Mean±SD; BL 145±54g; DW 142±55g; FU 137±52g; p=0.61, linear mixed model). Comparable results were obtained for systolic blood pressure (BL 158±18mmHg; DW 144±19mmHg; FU 149±21mmHg; p=0.07), and antihypertensive medication (BL 3.28±2.82ddd; DW 2.86±2.81ddd; FU 3.36±3.05ddd; p=0.37). Conclusions: We conclude that attainment of dry weight assessed by cBIS tends to reduce left ventricular mass and blood pressure while antihypertensive medication remains unchanged. While the study was underpowered, its results provide an important hypothesis generating data basis for the design of larger studies.
Calf Bioimpedance Spectroscopy for Determination of Dry Weight in Hemodialysis Patients: Effects on Hypertension and Left Ventricular Hypertrophy

Introduction
Cardiovascular disease burden is still substantially higher in hemodialysis (HD) patients than in the general population. In an US renal data system database analysis, patients on hemodialysis had a 20-400 fold higher probability to die when compared to the age-matched general population [1] . Among a variety of risk factors, extracellular volume (ECV) overload, initiated predominantly by increased sodium intake and followed by thirst, is the usual state of affairs in HD patients [2] . Therefore, the concept of dry weight is a major component of prescription of HD treatments in end stage renal disease. Fluid overload is associated with hypertension, congestive heart failure and cardiac mortality [3] , while volume depletion increases the risk of intradialytic hypotension and also mortality. Various methods have been developed to improve clinical assessment of dry weight, such as biochemical markers, vena cava diameter, whole body bioimpedance analysis and blood volume monitoring, but none of these proved useful as sole tools, in part because of the absence of a definitive reference [4, 5] .
Our group established that monitoring the electrical resistance of the calf during HD using continuous bioimpedance spectroscopy (cBIS) allows the assessment of changes in ECV of the calf, since decrease of ECV will increase calf-resistance [6, 7] . The calf is chosen for monitoring of changes in extracellular resistance (R E ) (and therefore in ECV), because due to gravity in ambulatory patients the ECV is greater in the legs than in arms and trunk. Therefore, it is assumed, that the calf is the last source of fluid to feed the intravascular space during ongoing ultrafiltration, when other compartments are no longer able to contribute further [8] . During HD calf extracellular resistance (cR E ) steadily increases with ongoing ultrafiltration (UF) until excessive ECV of the calf has been completely removed. We have documented that at this point calf resistance does not further increase despite of continued UF. Stabilization of the calf-resistance slope ("flattening") occurs at weights higher than that, where clinical symptoms (e.g. cramps or hypotension) due to hypovolemia occur [6, 7, 9] . Flattening of calf-resistance curves during dialysis can therefore be used as an indicator of dry weight. However, the method has certain limitations, especially in patients with persistent edema due to other pathologies than plain overhydration (e.g. cardiac edema, low serum protein). Here, the combination of two parameters, slope of the cR E -curve and normalized resistivity, provides useful information on both kinetic and static hydration states, allowing the detection of DW in most patients [6, 7, 10, 11] .
We previously demonstrated that targeting dry weight with the cBIS methodology reduced end-dialytic weight markedly. In this pilot study we therefore tested the hypothesis, that attainment of DW with routine use of cBIS results in a reduction of blood pressure and LVH in hemodialysis patients.
Subjects and Methods
Patient Population
Fifteen chronic hemodialysis patients (5 males) from the outpatient dialysis facility of the University 11 out of 15 patients were followed over >6 months. 4 patients (2 males) were lost to follow-up due to renal transplant (n=2) or personal reasons (n=2) and could not be assessed at follow-up after 6 months.
Study Design
Study approval was obtained from the Ethical Review Board of the professional body of doctors of the Saarland. Written informed consent was obtained from each patient. All investigators adhered to the Declaration of Helsinki. The Trial was registered in the US National Library of Medicine's registry (NCT00397306, http://clinicaltrials.gov). Enrolment was conducted by investigators during routine visits. The study protocol was similar to previous studies [6, 7, 9, 10] with additional parameters being assessed. In short, following baseline (BL) measurements, the end-dialytic target weight was reduced stepwise in consecutive treatments by 0.2 to 0.5 kilograms, until cR E stabilized despite ongoing UF and normalized resistivity was within a normal range, indicating BIS-estimated dry weight (DW). Stabilization of calfresistance was defined as a change of cR E0 /cR Et -Ratio of less than 1% within 20 minutes (corresponding to <0.05 %/min). cR E0 represents cR E at the beginning of HD and cR Et represents cR E at any time t. Resistivity of the measured calf segment was normalized to BMI and considered being in the gender-specific normal range in males >18. , respectively, as described before [10] . After achievement of DW, in the next two consecutive dialysis treatments, end-dialytic target weight Hospital of the Saarland at Homburg/Saar, Germany, a non-profit clinical dialysis centre, were recruited into a prospective clinical trial ( fig. 1 ). Patients were eligible if they were on stable hemodialysis treatment for >3 months, and if they were 18-80 years of age and capable to communicate sufficiently to understand research procedures and provide signed written informed consent. Excluded were patients with concomitant participation in another interventional trial, psychiatric disorders preventing from valid informed consent, pregnancy or lactation, heart failure stage NYHA IV, a history of acute myocardial infarction or major stroke within the last 6 months, a history of lower extremity amputation and those with cardiac pacemakers, implanted electrical pumps and implanted knee or hip joints.
End-stage renal disease was due to diabetic nephropathy (n=2), glomerulonephritis (n=1), nephrosclerosis (n=3), polycystic kidney disease (n=3), interstitial nephritis (n=2), reflux nephropathy (n=2), ischemic renal failure (n=1) and traumatic renal failure (n=1). Hemodialysis was performed thrice weekly using bicarbonate dialysate and polyamide or polysulfone dialysers. All patients were of Caucasian ethnicity. Anthropometrics and characteristics of the dialysis treatments are given in table 1. was not changed in order to confirm DW with two additional measurements. After that, following clinical practice, patient's weight was carefully further reduced until some clinical symptoms of hypovolemia occurred (symptom weight). Patient's weight was then increased again to the BIS-estimated dry weight. In the following period, DW was reassessed once a month and end-dialytic target weight was adjusted if necessary. After 6 months all outcome measures were assessed again, being the end point of the study (follow-up, FU).
Outcome Measures
Changes in cR E were monitored and recorded continuously during dialysis using a multifrequency bioimpedance spectroscope (Xitron Technologies, San Diego, CA). For cBIS an alternate current with frequencies ranging from 1 kHz to 300 kHz was applied using electrode positions as described previously [7] . On average, measurements were taken every 15 seconds. Data analysis was performed online during dialysis treatments. The recorded curves reflect the ratio of cR E at time 0 divided by cR E at any time t (cR E0 / cR Et , expressed in %, t 0 =100%, example in fig. 2 ). They represent a reciprocal measure of relative calf extracellular resistance at any time t, which corresponds to relative calf extracellular volume as resistance increases with decreasing calf ECV. For reduction of artefacts due to leg movements, a digital filter with a slope moving average technique was used as described before [6] .
The following outcome measures were determined at baseline, after achievement of DW and after 6 months of follow up:
I. Blood pressure. At every hemodialysis treatment, blood pressure was assessed non-invasively (Dinamap ProCare, General Electric Healthcare, Munich, Germany, cuff sizes according to upper arm circumference, size 1: 27-35cm, size 2: 34-43cm) before and after treatment at the contralateral arm of the dialysis fistula. Patients were in dorsal elevated position. Mean values of three repeated measurements within 15 Minutes were used for further analysis.
II. Antihypertensive Medication. Antihypertensive medication was assessed by direct interview in combination with chart review. Medication was quantified using the Anatomical Therapeutic Chemical (ATC) classification system and the defined daily dose (ddd) as a measuring unit [12] as recommended by the WHO for drug utilization studies. Doses are given as multiples of ddd.
III. Parameters of Myocardial Mass and Myocardial Function by cardiac magnetic resonance imaging (MRI).
All MRI examinations were performed on a 1.5 Tesla system (Magnetom Avanto, Siemens Medical Systems, Erlangen, Germany) using a phased-array surface coil. 
For cine imaging of the heart we acquired retrospectively ECG-gated steady state free precession sequences with a repetition time (TR) of 45.9 -47.4 ms, an echo time (TE) of 1.5 -1.6 ms, a flip angle (alpha) of 65° and a slice thickness of 6 mm with 25 reconstructed cardiac frames. For assessment of cardiac function consecutive slices in four chamber view and short axis orientation were acquired without gap from base to apex covering both the left and right ventricles and atria.
All acquired data were transferred to an external workstation (Leonardo, Siemens Medical Systems, Erlangen, Germany) for quantitative analysis using dedicated software (ARGUS, Siemens).
Endocardial borders of the left and right ventricle as well as the epicardial outline of the left ventricle were marked by manual contouring at end diastole and end systole. The end diastolic (EDV) and end systolic volumes (ESV) of the left and right ventricle were determined as previously described [13] [14] [15] [16] . The EDV and ESV were used to determine stroke volume (SV) and ejection fraction (EF). LV and RV mass were determined by summation of EDVs within the epicardial and endocardial borders of the short-axis slices and multiplying the myocardial tissue volume by its specific density of 1.05 g • cm 
Statistical Analyses
For descriptive purposes, variables are given as means and standard deviations. The time course of the three primary outcome parameters (systolic blood pressure (SBP), antihypertensive medication, left ventricular mass) was assessed within linear mixed models with the time point (baseline, DW, follow-up) as a categorical covariate while accounting for repeated within-subject measurements by including a random effect. All data were analyzed using the SAS ® , V 9.1 (SAS Institute Inc., Cary, NC, USA).
Results
Baseline weight was 68.3±13.0 kg. After 6.33±4.12 treatments DW was achieved at 142.8±41.0 min. DW was 67.4±12.7 kg. On average, symptoms occurred when weight was further reduced by 0.74±0.38 kg ( fig. 3) , confirming the idea that DW is close to the elusive "true" dry weight while keeping a reasonable safety distance to the point where patients get at risk. Table 2 gives an overview on the results of blood pressure measurements. Systolic blood pressure (SBP) before dialysis was reduced markedly from BL to BIS-DW from 157.9 ± 17.5 to 143.8 ± 19 mmHg. At FU SBP tended to rise slightly to 149 ± 20.9 mmHg (p=0.07, fig. 4 ). Comparable results were obtained for diastolic blood pressure (DBP, 81.7 ± 11.2 mmHg, 77.2 ± 9.2 mmHg and 79.4 ± 10.3 mmHg, p=0.29), mean arterial pressure (107.1 ± 11.6 mmHg, 99.1 ± 9.6 mmHg and 101.2 ± 10.2 mmHg, p= 0.09) and heart rate (74 ± 10 min , p=0.11) tended to decline without reaching statistical significance. Table 3 gives an overview on the antihypertensive medication needs throughout the study. At BL mean ddd of antihypertensive drugs was 3.28 ± 2.82. At DW those drugs could
Blood pressure measurements
Antihypertensive medication
be reduced to 2.86 ± 2.81 ddd. During the following 6-month period dosage rose again to 3.36 ± 3.05 ddd at FU (p=0.37). Table 4 gives an overview on the results of cardiac parameters assessed by MRI throughout the study. Myocardial mass was reduced from 145 ± 54 g at BL to 142 ± 55 g at DW and 137 ± 52 g at FU (p=0.61, fig. 5 ). Normalization on body surface area did not affect this result (BL 82. EDV of the left ventricle markedly decreased from BL to DW and tended to rise a little upon FU but remained below BL values (BL 101.53 ± 34.74 ml, DW 88.58 ± 22.12 ml, FU 92.66 ± 22.25 ml, p=0.14). The same applies for ESV (BL 40.13 ± 23.04 ml, DW 33.44 ± 14.05 ml, FU 36.66 ± 14.52 ml, p=0.24) and SV (BL 61.4 ± 17.56 ml, DW 55.11 ± 11.63 ml, FU 56.01 ± 14.48 ml, p=0.21).
Ventricular mass, volume, and function
All examined volumes of the right ventricle constantly decreased throughout the study period (EDV: BL 75.05 ± 22.28 ml, DW 70.87 ± 22.98 ml, FU 63.24 ± 15.08 ml, p=0.16; ESV: BL 33.95 ± 14.29 ml, DW 32.17 ± 10.97 ml, FU 27.42 ± 6.69 ml, p=0.27; SV: BL 41.1 ± 14.85 ml, Table 2 . Results of blood pressure and heart rate assessment Table 3 . Antihypertensive medication needs throughout the study DW 38.7 ± 13.02 ml, FU 35.82 ± 11.68 ml, p=0.3). Time effect was not significant for any MRI parameter due to insufficient statistical power given the small number of subjects.
Measurement reproducibility
Mean coefficient of variation in three consecutive treatments at DW was 0.26 ± 0.15 %. This would resemble in an average 75 kg patient to only 0.195 kg. Coefficients of variation were not dependent on absolute body weight (p=0.19, R 2 =0.13, fig. 6 ).
Discussion
LVH is an independent risk factor for sudden cardiac death, heart failure and cardiac arrhythmias in chronic uraemia and the general population [17] [18] [19] . Among the main determinants of LVH in HD patients are end-diastolic left ventricular volume and pre dialysis blood pressure [20] that are mainly influenced by pre dialysis volume overload. Blood pressure reduction may mediate salutary effects on LVH [21] . In our pilot study we tested in a small cohort of HD patients the hypothesis, that cBIS, a promising novel technique for dry weight determination, allows reduction of left ventricular mass and pre dialysis blood pressure. As patients serve as their own controls, no normal values derived from healthy populations have to be used for dry weight assessment. Therefore, end-dialytic weight can be prescribed very close to physiologic hydration states. We used cardiac MRI to determine changes in cardiac morphology and function when cBIS instead of clinical routine estimation is used for determination of dry weight. As the pilot trial was clearly underpowered, statistical testing of our hypothesis did not reach statistical significance, albeit the data shows clear improvements in the main outcome parameters within a biologically important range. Left ventricular mass, end-diastolic left ventricular volume and pre dialysis blood pressure declined markedly. These effects occurred without relevant concomitant increase in antihypertensive medication. There was even a tendency in reduction of antihypertensive drugs between BL and DW and during that time systolic blood pressure dropped the most. This is very likely due to strict volume control and is consistent with our previous findings [7] and the 2009 study from Agarwal et al. [22] that demonstrated that reduction of dry weight is effective in improving blood pressure control in hypertensive HD patients. The observed slight incline between DW and FU might be explained in a less strict volume control as cBIS measurements were performed only once a month after achievement of dry weight. However the documented effect on systolic/diastolic blood pressure of -14/-5 mmHg at DW and of -9/-3 mmHg after 6 months of follow-up is comparable with the administration of an additional antihypertensive drug. Albeit our population had some degree of hypertension at baseline, it has also been shown for less hypertensive patients, that use of cBIS determined dry weight is able to reduce blood pressure further towards normotensive ranges. Unfortunately, in that study no data on LVH or antihypertensive medication needs have been recorded. However, the reduction in blood pressure was more pronounced than in a group of patients that had not yet reached cBIS-DW in the same study. Therefore, one can conjecture that also patients with mild hypertension might benefit from dry weight estimation by means of cBIS [11] .
Additionally, it was reported earlier, that heart rate is an independent prognostic factor for mortality in HD patients [23] . The significant reduction in pre dialysis heart rate in our study combined with the reduction of LVH further supports the presumption of positive effects of volume control in hemodialysis patients. One might speculate that it results from reduced sympathetic overactivity, a condition that is both frequently observed in dialysis patients [24] and closely related to LVH [25] . Myocardial mass and left ventricular mass index dropped constantly throughout the study. Being a long-term consequence of eliminated volume overload one could speculate, that they would even regress further but our data does not support this assumption as the follow-up was terminated at 6 months. Limitations 24-hour ambulatory blood pressure measurements would have been preferable over incenter measurements before and after dialysis. However, within the limits of this otherwise technical and timewise demanding pilot study, mean values of three repeated measurements within 15 minutes were satisfactory to draw first conclusions.
Another limitation of the study is the small number of patients which is in part outweighed by the large number of actual HD sessions investigated.
Conclusion
We conclude that cBIS for determination of dry weight in hemodialysis patients is safe, reproducible and may reduce hypertension and left ventricular hypertrophy. Further adequately powered, large-scale and long-term studies with clinical endpoints are justified to explore the definite benefits of determination of dry weight with cBIS in respect of cardiovascular disease burden in hemodialysis patients.
